A new model is developed for boron diffusion in silicon oxides and oxynitrides in which boron diffuses substitutionally for silicon atoms, and the role of incorporated nitrogen is to occlude diffusion pathways. A Monte Carlo simulation based on this model, when compared to a series of experiments on p-MOS-type structures, accurately accounts for lowered diffusivities due to incorporated nitrogen.
Introduction
The diffusion of boron from doped gates into the channel region of p-type metal-oxide-silicon field effect transistors (p-MOSFET5) can cause an undesirable shift in the threshold voltage of the device and degrade gate oxide reliability.1'2 The ability of silicon oxynitrides to impede this diffusion process3'4' has become one of their most important advantages over conventional silicon oxides. In the past, conventional gate oxides served as diffusion barriers due simply to the low diffusivity of boron in Si02.
However, the need for thinner gate oxides threatens to render them ineffective as barriers against boron. One solution is to lower the thermal budget subsequent to gate f ormation. Alternatively, manipulating the structure of the polycrystalline Si gate can be somewhat effective in suppressing boron penetration. 7 The most thoroughly investigated approach, and perhaps the most effective, is the introduction of nitrogen into the gate oxide. However, the mechanism for boron diffusion in pure or nitrided Si03, and the role of nitrogen in reducing the diffusivity, has received little attention,5811 although recent evidence suggests a substitutional mechanism.'° Due to the lack of satisfactory explanations for the effect of nitrogen on boron diffusion, we have developed and tested a new model. The fundamental elements of this model are that boron diffuses substitutionally for Si atoms and the presence of a Si-N bond impedes substitution for that Si atom. We tested this model by incorporating it jnto a Monte Carlo simulation and comparing the simulation to a series of experiments. The results of the comparison are favorable and suggest that this model is fundamentally correct.
Sample Preparation and Measurement
To measure the diffusivity of boron in several different silicon oxynitrides, we fabricated a series of MOS-type structures. Four different oxynitrides, shown in Table I , were grown on 3 in. prime-grade Si wafers in either a rapid thermal processor (RTP) or a standard laminar flow furnace. The furnace N30 oxynitride was grown at a flow rate of 1 standard liter per minute (slm).12 Using low-pressure chemical vapor deposition (LPCVD), we then deposited 2000 A of in situ diborane-doped polycrystalline Si. Our reason for using diborane as a source of boron, as opposed to using implanted BF3, was to avoid the presence of fluorine, since it can affect the diffusivity of B in oxides and oxynitrides.3'9 The B density in the polycrystalline Si was measured with secondary ion mass spectroscopy (SIMS) at 8 1< 10u atom/cm3. Except for the high level of B doping, all procedures were identical to procedures we have used previously to fabricate MOS devices. 13 The nitrogen depth profiles of the three oxynitrides are shown in Fig. 1 . These were measured with an X-ray photoelectron spectroscopy (XPS) spin-etch technique described elsewhere.13 As expected, the RTP samples (no. 3 and 4) contained more nitrogen due to their higher growth temperature,14 and this nitrogen was more sharply peaked at the interface as compared to the furnace oxynitride (no.
2). The differences in the shapes of the distributions were due to the presence of atomic oxygen in the RTP, which continually removes previously incorporated N from the bulk during oxide growth. 15 All samples underwent an identical anneal to allow boron to diffuse through the gate oxynitride and into the substrate. This anneal consisted of a rapid push into a furnace at 1050°C and an oxidation in pure 02 to form an oxide cap. This cap prevented boron depletion from the polycrystalline Si during the diffusion anneal. The 03 flow was turned off after 1 mm and replaced with N2. After a total of 1 h at 1050°C, the wafers were pulled from the furnace.
To provide accurate SIMS profiles of boron in the substrate, we found it necessary to first strip the polycrystalline Si and the oxynitride layer. The oxide cap and the polycrystafline Si were removed using chlorine-based reactive ion etching (RIE). The Si/Si02 selectivity of this process enabled the oxynitride gate to serve as an etchstop. As a final step before SIMS analysis, we removed the oxide by dipping in an industry-standard 6:1 buffered oxide etch (HF + NH4F) for 10 s. SIMS for each sample was performed by Charles Evans Associates using 0'. We also obtained profiles for several samples with the polycrystalline Si intact, using Cs8', to determine the B doping concentration.
Diffusivity and Flux Calculation
Once we obtained accurate SIMS depth profiles of the annealed structures, we calculated the effective diffusivity and boron flux. One of the more thorough investigations along these lines was performed by Aoyama et al. on reoxidized NH3-grown nitrides. 4 We followed a similar method for calculating the diffusivity of our samples. Whereas they chose to use SUPREM-I V,16 we fit the B profile to Eq. 1
1erfc 2/37 a = -r r = s+r where C. is the time-independent concentration of the B source, in this case polycrystalline Si, in atoms/cm3; d is the thickness of the oxynitride (or oxide); x is the distance into the oxynitride, measured from the source layer; and C,U9(x,t) is the B concentration at x. DO° and D6 are the effective diffusivities of the oxynitride and the Si substrate, respectively, in cm2/s. The segregation coefficient p. is defined by Eq. 2 below, where C0 is defined as C,b(0,t), the concentration in the topmost oxynitride layer. 
where J is the current in atoms per unit time per unit area, D is the diffusivity coefficient, and C(x,t) is the density of the diffusing species.
We demonstrate in subsequent sections evidence which indicates the diffusion processes we are investigating may be non-Fickian, in that the assumptions of sample homogeneity and concentration-independent diffusion are not valid. We therefore refer to effective diffusivities rather than true Fickian diffusivities. We consider these values to be valid only for identical samples and annealing conditions and observe this constraint throughout the paper. To calculate the effective diffusivity of the gate oxynitride or oxide, we fit the SIMS substrate profiles to Eq. 1, and example of which is shown in Fig. 2 for sample 1. Since the summation converged rapidly, it was necessary to consider only the first few terms. The results for samples 1-4, using D arid D0 as free parameters, are shown in Table II . As expected, D decreases with increasing nitrogen content; however, we also observed a corresponding increase in D56. This may be either an artifact from the nonFickian nature of the diffusion process, or it may be due to°
The diffusivities resulted from least-squares fits of Eq. 4 to the SIMS profiles, which for sample 1 is shown in Fig. 2 . sub is the directly measured flux of boron atoms into the Si substrate. a change in the vacancy or interstitial concentration of the substrate, which would alter the diffusivity.
To calculate d,b, the B flux into the substrate, we integrated the SIMS profiles of the substrates. To remove the spike in concentration near the surface, which is an instrumental artifact, we extrapolated the concentration to the interface. Error in introduced by the extrapolation is negligible, since the region involved is small. This quantity FSUb, the flux into the substrate, is more directly relevant to device performance than the diffusivity, and unlike diffusivity it is a directly measured quantity.
Boron Diffusion Mechanism
To account for the variations in shown in Table II , we programmed a Monte Carlo simulation that incorporated our atomistic diffusion model. Our approach was to random walk boron atoms through a silicon oxynitride network, hopping from Si site to Si site. In our model this substitution was blocked by the presence of a Si-N bond. The net result of nitrogen can therefore be viewed as the removal of a certain fraction of possible diffusion paths. This results in a decrease in diffusivity as a function of nitrogen concentration. Such percolation problems generally cannot be solved analytically and so it is necessary to resort to numerical methods, such as finite element analysis or Monte Carlo methods, with the latter being more flexible and intuitive.
The nature of the diffusion mechanism of boron in Si02 has, to our knowledge, only recently been investigated. However, there is a strong background of knowledge that comes from the study of borosilicate glasses, which suggests for pure borosilicates that boron is threefold coordinated with oxygen.'9-2' More recently, Fowler and Edwards'°1 have calculated the energy of various boron, nitrogen, and hydrogen structures in a-quartz. Their results also indicate that during diffusion boron is threefold coordinated with oxygen. They further suggest that when boron exchanges for a silicon atom, which is fourfold coordinated, there is a corresponding motion of oxygen atoms that maintains the proper coordination.10"1 It is also possible that an oxide deficiency defect codiffuses with the boron atom, which would result in the proper coordination of the boron atom, and undercoordination of one adjacent silicon atom.
This substitutional model also explains why hydrogen22 and fluorine,3'9 in sufficient quantities, can increase diffusivity by over an order of magnitude. Based on energy calculations by Fowler and Edwards,'5 when trigonal boron substitutes for a tetrahedral silicon atom, the hydrogen attaches to the remaining oxygen atom. This lowers the activation energy for diffusion.1° The work of Navi and Dunham suggests that fluorine, in its role as an oxide terminator, helps break Si-O bonds. Since these bonds must be broken and rearranged during diffusion, the presence of fluorine would lower the activation energy.9 This effect is observed by Aoyama et al. 3 Therefore, the effects of fluorine and hydrogen on boron diffusion are easily explained by a substitutional mechanism. The likelihood of such a mechanism is further suggested by the high activation energy of B diffusion, measured at 3.7-4.4 eV, which is typical of a substitutional process. The implications of such a high activation energy were first recognized by Nedelec. ' We should note that Fair has proposed a somewhat more complicated diffusion mechanism involving the presence voi. i', '10. b, june io I ne tiectrocnemicai ocIew, Inc.
of peroxy linkage defects (Si-O-O-Si bonds).8 However, this would require that peroxy defects replace approximately 40% of all Si-O-Si bonds, based on percolation theory,23 or that the peroxy defects be highly mobile. Such a high density of defects does not appear to be likely. 24 Furthermore, in Fair's model the role of nitrogen is to passivate these defects, forming a Si-O-N-O-Si structure. Such a bonding arrangement for N has not previously been proposed or observed, nor have we observed it with XPS.'3
The role of nitrogen.-Turning our attention to the effect of nitrogen on boron diffusion, we must note a key experimental result. Measurements by Aoyama et al. 34 of boron diffusivities in silicon oxide and oxynitride from 800 to 1000°C indicate changes in diffusivity due to nitrogen are manifested by changes in the pre-exponential factor, rather than in the activation energy. Their results do show a small shift in activation energy. However, this may be due to the inexact nature of their calculations. Their approach assumed Fickian diffusion through the oxynitride. However, since their fitted diffusivities change with annealing time,4 the process they observed was manifestly non-Fickian. Results from their fit to Arrhenius' equation should therefore be viewed as approximate. We suggest that the non-Fickian behavior of their samples was due to extremely high boron doses, which resulted in either saturation of the oxide near the source layer or a concentration dependence in the diffusivity of boron. Nedelec et al.5 conducted a similar investigation and concluded that there was a small change in activation energy. However, given their limited data set as well as their unusually high annealing temperatures and boron doses, we feel that such a conclusion may not be well justified.
A lack of change in the activation energy as a function of nitrogen content is consistent with a reduction in the number of available diffusion pathways. The results of Their results also indicate that boron substitution into a Si-N site would require more energy than substituting into a nitrogen-free site. We therefore hypothesize that this results in the blocking of substitution at a local level due to the presence of a Si-N bond. It is also possible that the increased rigidity of the Si-N bond25 might increase the activation energy, since the rearrangement of the local oxide network, which is required for substitution, would be more difficult. All these factors therefore support the hypothesis that nitrogen is occluding diffusion pathways. We demonstrate that results from a Monte Carlo simulation based on this hypothesis agree with a series of experiments conducted on p-MOS-type structures.
Simulation Implementation
To model the silicon oxynitride lattice in the Monte Carlo simulation, we used the cristobalite form of SiO, shown in Fig. 3 with a lattice parameter of 7.13 A for the standard cubic basis cell. Although this is certainly not a precise reconstruction of the thermally grown Si01 structure, it exhibits all the salient features of the real oxynitride for the purpose of the simulation. Specifically, for the cristobalite lattice, each Si atom has four nearest-neighbor Si atoms to which it is bridged by an 0 atom. It also has a density of 2.2 g/cm3, 21, which is similar to density of a thermal gate oxide (2.2-2.35 g/cm2).2721
The purpose for using a crystalline lattice was to simplify the calculations, since using a randomized Si-O network would have required prohibitively long computation times. Based on comparisons of different lattice structures, this approximation has a negligible effect on the outcome of the Monte Carlo simulations. The only macroscopic difference between the simulation lattice and a real oxide is that oxides have a distribution of bond angles and lengths. However, the method of our simulation is insensitive to bond angles and lengths.
• Silicon o Oxygen All the lattices used in our calculations consist of 50 X 50 nm patches of variable thickness. Periodic boundary conditions are employed at the edges. The top layer, or the layer at which boron was introduced, and the bottom layer were both terminated abruptly. We made no attempt to model interface effects at the bottom layer.
Once the simulation lattice was set up, we introduced an appropriate amount of nitrogen, based on a monolayer-bymonolayer nitrogen distribution interpolated from an XPS spin-etching technique described elsewhere.'' Each nitrogen atom randomly replaced an oxygen atom. In the bulk of the oxynitride, this results in the formation of two Si-N bonds. Within two unit cells (14.3 A) of the substrate interface, the N atom bridges three Si atoms.
The N bonding arrangement near the interface is a best guess based on a variety of experimental results. Both medium-energy ion scattering (MEIS)29 and electron energy loss spectroscopy (EELS)1 indicate that within 1-2 nm of the interface, the oxide is oxygen deficient. X-ray reflectivity measurements also indicate that this layer is more dense than a typical oxide. These results might also cause concern over our modeling of the near-interfacial oxide, since it does not account for the densified, oxygen-deficient region.
However, we expect that B diffusion in the near-interfacial oxide is substitutional on the Si sites, just as it is in Si and in Si02. Therefore we expect that the effect of nitrogen on substitution is at least qualitatively the same as it is in the bulk of N-doped silicon oxides.
Once the lattice setup was complete, we introduced boron into the top layer The B concentration in the source layer, typically B-doped polycrystalline Si, was known in all our exp€rimental trials. Since the diffusivity in poly-Si was several orders of magnitude higher than the diffusivity in an oxide or oxynitride, it acted as a time-invariant source of B by pinning the B concentration at the oxide interface to a well-known value. This value, C0, was the concentration of boron in the topmost monolayer of the oxide and was calculated from the concentration in the source C3 and the segregation coefficient p. using Eq. 2.
Since this determined C0 at the topmost oxide layer, it established a rate for the introduction of B atoms into the oxide.
This method was employed previously by Aoyama et aL4
Having established an introduction rate B atoms at the topmost oxide layer, described by C0, we allowed the B atoms to diffuse down into the oxide. This was accomplished by allowing the B to hop from a given Si site to one of its four nearest-neighbor Si sites. If we know the diffusivity of a pure oxide, D, we can calculate the frequency, ft in number per second with which substitutions are made33 fh=.-. [4] where we have used the effective diffusivity D. The use of D restricts us to annealing conditions that are identical to those used to calculate D due to the non-Fickian nature of diffusion in these materials. In Eq. 4, a is the average distance traveled through the lattice per substitution, in our case 1.78 A. For a one-dimensional lattice a is simply the distance traveled during a hop. For a threedimensional lattice calculation of a is somewhat more complicated, and in general it will be smaller than the nearest-neighbor separation. For our cristobalite lattice it can be seen that a is one-fourth of the cubic lattice parameter d by considering motion perpendicular to the <100> lattice a plane. Each hop will take the atom a distance of d/4 along this axis. Therefore, a = d/4.
To simulate an anneal of given duration, the Monte Carlo program broke it down into a discrete number of time intervals of duration At = i/fh. That is, during each time interval each atom made an average of one hop. The actual nuraber of hops per interval was given by the appropriate Poisson distribution. An investigation of the effects of the size of At indicated that at a value of l/fh there were no time-slice size effects.
During each time interval At, two things happened. First, a number of B atoms diffused out of the topmost oxide layer into the oxynitride. The concentration of the layer, C0, was constant, and the actual number of atoms entering the oxide was given by the appropriate Poisson distribution. Second, every B atom in the lattice made a random number of hops, again given by a Poisson distribution, with an average of fhAt = 1. B atoms could only hop onto a free lattice site, which was any site not occupied by B and not bonded to N.
Two end points in the diffusion of a B atom were recognized. The first was the return of the atom to the source layer. If it hopped into the topmost oxide layer, the atom was removed from the simulation, since by our initial assumption the concentration, and therefore the outflux of atoms, was pinned at a particular value. The second end point was recognized when the B atom traveled the full thickness of the oxide. The flux of atoms reaching this end point was cbsmu. At this point, the atom encountered the Si substrate, most likely entered it, but possibly returned to the oxide. Since the B concentrations at the oxide/substrate interface were low (<1010 atom/cm3 in our experiments) and the dynamics of this interface were too complex to model, we simply recorded when an atom reached this point in the oxide and then removed it from the simulation. To be completely rigorous we would have needed to include the effects of the segregation coefficient and the diffusivity of the Si substrate. However, we can eliminate error from this assumption by noting that in the limit of low B concentrations, the flux of B atoms into the substrate, sub, depends linearly on the number of B atoms reaching the interface in the simulation, bs,mu sub = WtOsimu [5] Verification of this is straightforward. It is shown later that for sufficiently large trials, s,m3 reproduces the analytical solution of Fick's equation for a semi-infinite oxide 4 2ldxSerfc X s'mu i' C I z ') [7] 2 dx-3-erfci op.
A numerical evaluation of Eq. 7 vs. D, using conditions otherwise equivalent to those of sample 3, reveals that is constant to within 4% due to a factor of 10 decrease in D.
This validates our use of Eq. 5. By normalizing OPsimu to the flux of a pure oxide, we eliminate i ON ON sub Mmu [8] sub simu Therefore, the simplest method for comparing boron fluxes, and the one used in this paper, is to calculate q0N/40, the flux into the substrate of an oxynitride divided by that of a pure oxide. Based on evaluations of Eq. 7, we estimate the error in Eq. 8 at 4% or less.
To confirm that the simulation results in realistic behavior, it is sufficient to show that it obeys the central limit theorem. For a sufficiently large number of trials, the simulation should reproduce the analytical solution. Since such a solution is available only for pure oxides, we compared boron profiles from simulated pure oxides to results given by the analytical solution of Fick's equation C x C33(x, t) = -i-erfc [9] 2J5t
The results are shown in Fig. 4 , and after accounting for minute variations due to end-point removal of boron atoms in the simulation, the Monte Carlo results exactly reproduced the analytical result for a pure oxide.
Results and Discussian
A comparison between our experimental results for samples 1-4 and the results of the Monte Carlo simulation is given in Fig. 5 . We believe that this result constitutes prima facie evidence for our diffusion model, wherein the presence of Si-N prevents substitution. It is important to stress that there were no free parameters for the simulation results and so the agreement between the model and the measured boron influx is not the result of a parametric fit.
Effect of N distribution-The simulation was also used to investigate the effects of different types of N distributions. We have speculated previously that N is most effective when it is distributed as densely as possible, perhaps to within a few monolayers of the polycrstalline Si."4 This was confirmed in Fig. 6 , which shows ON/CIO as calculated for three distinctly different N profiles as a function of areal N density. The three types of profiles are: "flat," with the N distributed evenly throughout the oxynitride; "step," with all the N in the bottom half of the oxynitride, near the substrate; and "wall," with all the N in the top two monolayers, nearest the boron source. The simulated anneal was at 1050°C for 1 h, assuming an oxide diffusivity of 1.3 x 10' cm2/s, and a 46 A thick oxynitride with a variety of N profiles. Changes in I0/0 along a given vertical line were due solely to differences in the shape of the distribution. Thus, a narrow distribution of N will be more effective in blocking diffusion pathways. B flux vs. annealing time-The annealing conditions used in our samples are not necessarily similar to annealing conditions used to fabricate MOSFETs. The flux of boron into the substrate for our samples would be catastrophic for device performance. However, we can use the simulation to predict the behavior of annealing conditions more typical for devices. Figure 7 shows FON and qo for samples 1 and 4 as a function of ,Dt, which is a measure of annealing time, in angstroms. These universal curves predict the behavior of samples 1 and 4 for all possible annealing times and temperatures if D? is known. The results indicate the effectiveness of nitridation decreases with annealing time. For example, for an annealing time t resulting in ,D,5t = 10 A, which corresponds to a 28 mm anneal at 1050°C for our samples, the flux through sample 4 is predicted to be 15% of the flux through the pure oxide. For the full 60 mm anneal used in our experiments, ,Dt = 21.7 A and the flux is 40% that of a pure oxide. Therefore, the fractional reduction in boron flux afforded by oxynitrides is greatest in the early stages of penetration, as shown by the "ratio" curve in Fig. 7 . The noise at early times in the ratio is due to small sampling statistics in the simulation. Figure 7 also predicts how robust sample 4 is toward high-temperature processing as compared to a pure oxide. For an allowable boron flux through the gate dielectric of 10" atom/cm2, it is easy to see from the graph that the thermal budget can be expanded by 20%.
Device considerations-As for the quantity of N required to meaningfully reduce boron penetration in a p-MOSFET, two factors must be known. The first is the boron concentration in the gate electrode. The flux through the gate dielectric should scale linearly with this quantity.
The second is the thickness of the gate dielectric, and the data in Fig. 7 is valid only for a thickness of 46 A. However, the results at different thicknesses are qualitatively similar. Given our values for boron concentration and dielectric thickness and a boron penetration level of 1011 atom/cm2 in a pure oxide, an oxynitride similar to sample 4 can provide a 77% reduction in boron flux, or a 20% increase in the thermal budget. This represents the most nitrogen-rich oxynitride which can be produced using N20 rapid thermal or furnace processing. Higher concentrations of nitrogen, and therefore lower boron penetration, are possible with alternate methods of nitridation. Possible techniques that may achieve a level of N incorporation sufficient to substantially suppress boron influx in ultrathin gate oxynitrides include NO annealing,35 N implantation,31'37 plasma nitridation,38 or the deposition of high N concentration dielectrics.39 '40 Our results from Fig. 6 indicate that the last two of these techniques are more effective due to their localized, high concentrations of nitrogen.
Conclusion
We conclude by noting that although the correlation between our experimental data and the Monte Carlo simulation is quite precise, this work is preliminary and proportional to the boron concentration and given the boron levels and nitrogen loss rate from previous studies,34 we conclude that less than 5% of the nitrogen in samples 2-4 would have been lost as a result of boron indiffusion. Therefore, we do not suspect that the absence of nitrogen removal in our model effected the accuracy of the simulation. This also suggests that nitrogen removal is not principally involved in the diffusion process. It could be the consequence of an interaction between nitrogen atoms and a point defect caused by the presence of boron, or a catalytic effect due to a local distortion of the lattice by the boron atom.
Despite uncertainty in the mechanism for nitrogen removal during boron in-diffusion, our results strongly suggest the boron diffusion mechanism in silicon oxide and oxynit ride involves substitution of boron for silicon. Furthermore, the principal role of incorporated nitrogen in oxynitrides is to block boron substitution for those silicon atoms that have bonds to nitrogen. This model also provides a basis for explaining the increase in boron diffusivity in the presence of hydrogen and fluorine and indicates that localized, rather than dispersed, nitrogen distributions are more effective in reducing boron penetration in p-MOSFETs. Slurry chemistries for chemical mechanical planarization of aluminum were investigated by electrochemical measurements with a rotating disk electrode setup. The electrochemical measurements were accompanied by polishing of both blanket and patterned aluminum wafers. Results of these two investigations led to the development of a potassium dichromate slurry, which resulted in good surface finish and acceptable removal rates. The electrochemical measurements demonstrated the formation of a passivating layer at the surface. It was observed that in addition to oxidizing agents in the slurry, it was essential to have etchants to obtain a smooth and clean surface. Also, the abrasives used were found to have a major impact on the surface finish. The slurry was successfully used in producing aluminum patterns by the Damascene process. The resulting polishing behavior of aluminum is explained by a balance between the formation of a passivating layer on the surface and dissolution of the abraded surface in the slurry volume near the surface.
Infrocluction
Chemical mechanical planarization (CMP) is widely used for the formation of tungsten studs (filled vias) that form vertical interconnects between two planar wiring levels. [1] [2] [3] In this case, an interlevel dielectric (ILD) planarization (CMP) is followed by patterning the ILD. Tungsten is then deposited conformally and CMP is used for removal of the excess tungsten. A similar planarization is used for each additional metal level. However, due to the high resistivity of tungsten = 7-8 1.j.fl cm) compared to aluminum = 3-4 pIt cm)4 and to problems that arise from W/Al interfaces, there is an emphasis on replacing tungsten with Al alloys. Novel techniques such as aluminum reflow sputtering can be used to conformally deposit aluminum, thus eliminating W/Al interfaces.57 This can be followed by CMP of aluminum. Also, tungsten etchback has been shown to result in higher leakage current between lines compared to tungsten CMP.5 The mechanisms resu].ting in this behavior are believed to result in similar phenomena in the case of aluminum as well.9 Therefore, a similar CMP process has been envisaged for the formation of aluminum vias and lines. Efforts have been concentrated recently to develop a reliable process for Al CMP9 Aluminum is a relatively soft metal compared to tungsten and copper. Therefore, there are serious challenges in successfully planarizing Al without an excessive damage to the surface being polished. The Kaufman model, which has been widely used in explaining tungsten polishing, requires that in the presence of the slurry, the recessed regions of the surface being polished be covered with a passivation layer. This model proposes that the passivating layer forming on the protruding regions of the polished surface is abraded and dissolved by etchants in the slurry and carried away from the surface by the flowing slurry. Since the recessed regions are protected by the passivating layer during polishing, removal rate at these points is very low compared to that at the protruding regions, resulting in planarization. In this report, some of the preliminary investigations carried out on polishing of aluminum are presented. This paper addresses issues related to the corrosion of aluminum and the effect of the different chemicals on the formation of a corrosion layer and eventually its polishing behavior. Also, the role of pads in influencing the dishing behavior of patterned aluminum lines created by such slurries is investigated and results are discussed.
Experimental Theory of corrosion.-CMP of metals can be linked to a contmlled corrosion process, and therefore, conventional analytical techniques developed for the studies of corrosion can be modified to study the electrochemical behavior of metals in polishing slurries. Some of the principles are presented here for clarity. Details can be found elsewhere. 8 The corrosion of a metal in a solution can be represented by an anodic reaction of the metal (one half-cell) and a corresponding cathodic reaction (second half-cell), each accompanied by a potential. However, if the two reactions take place on the same metal, they cannot exist separately due to the electrically conductive surface. Therefore, each half-cell must change values to a common intermediate value called the mixed potential or the corrosion potential (E). At this potential the anodic current is equal to the cathodic current.
By applying an external potential it is possible to shift the corrosion potential to either the cathodic (below E0) or anodic (above Eaan) regime. The current at these points is equal to the difference between the cathodic and anodic current at that potential. During anodic polarization the corrosion rates, as indicated by the current density, are high and increase with potential. However, if a passivating layer forms on the surface, the current does not increase with potential and the corrosion rate remains low. Therefore, by
